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The multipole character and &2/Ml mixing ratios of all y transitions following the decay of
Ag' to Cd ' have been determined by measuring the 1-2, 1-3, and 1-4 directional correla-
tions, using two 30-cc coaxial Ge(Li) detectors in conjunction with a multichannel coincidence
gating system. The analysis of the data clearly demonstrated the necessity for careful in-
vestigations of the effects of the Compton background on directional correlation measure-
ments using Ge(Li) detectors. The directional correlation functions for mixed y-y cascades
are given in terms of explicitly defined reduced matrix elements and their ratios 6(y„).The
analysis of the 25 measured directional correlations yielded a consistent set of E2/Ml mix-
ing ratios for all mixed multipole transitions. The E2/Ml amplitude ratios &(y„)
= (I„+1)(j&A&+lI„)/(I +&((jz Af((I„)for the Cd1'~V rays are (energies are in keV): 6(447)
= -0.45 + 0.20, 6(620) = -0.80 + 0.50, 6(678) = -0.25 + 0.20, 0(687) = -1.1 ()'4, 6(707) = -1.0 + 0.3,
6(818) = -1.20 +0.15, 6(1384) = -0.37+0.03, and 6(1505) = -0.55+0.10. In terms of the multi-
pole moments (I„+~~1O(Rw )I~~ I„)of Bohr and Mottelson, the E2/Ml moment ratios A
= &I, +gllJR(E2) II I,)/ &I„~ql(OR(Ml) II I„)in natural units (g =m =c =1) are: A(447) =-8.0 +1.8,
~ (620) =-3.8 +2.4, A(678) = -1.09 +0.88, 6 (687) =-4.7+-g'p, 4(707) = —4,2 +1.3, 4(818) =-4.3
+ 0.5, 4 (1384) = -0.79 +0.06, and 4(1505) = -1.08 + 0.20.

I. INTRODUCTION

The excited states of even-even nuclei in the
mass region 100 & A & 140 have been interpreted as
collective vibrational oscil1.ations about a spheri-
cal equilibrium shape of the nuclear surface. ' The
complete understanding of this class of nuclear ex-
citations, however, is still far from being satisfac-
tory.

In a phenomenological description, the nuclear
vibrations are considered harmonic oscillations of
small amplitude. This model predicts 2' first ex-
cited states of energy E, = )ran& (one-phonon states)
and a degenerate set of 0', 2', and 4' second ex-
cited states of energy E, =2h~ (two-phonon states).
A displaced harmonic-oscillator potential2 partial-
ly removes the degeneracy of the 0', 2', 4+ triplet,
and the ratio E,/E, can increase from 2.0 to 2.5.
These predictions are in agreement with experi-
mental data. Within the framework of the harmon-
ic vibrational model, the excited states decay by

emission of pure E2 radiation; M1 radiation is
strictly forbidden. Also, the crossover E2 transi-
tion from the two-phonon 2' state to the 0' ground
state is forbidden. The observation of this cross-
over transition in most of the nuclei of the 100
&A &140 region, and the observation of appreci-
able M1 admixture in the transitions from the two-

phonon 2' to the one-phonon 2' excited state are
not in accord with the harmonic vibration model.
Futhermore, pure vibrational (pure phonon) states
have a static quadrupole moment that is zero, be-
cause the quadrupole-moment operator is a linear
combination of a creation and annihilation operator

of a phonon, and thus the diagonal matrix elements
vanish with respect to states that have a definite
number of phonons. The observation of the reor-
ientation effect in Coulomb excitation' has clearly
revealed that the first excited states of many of
the so-called vibrational nuclei in the A =110 re-
gion have quadrupole moments of the order of
-0.5 b, clearly indicating that the harmonic vibra-
tion model is inadequate.

The interpretation of the first excited state in
terms of a superposition of the one- and two-phon-
on harmonic vibrational 2' states can explain the
observed quadrupole moments4 but fails to account
for the M1 transitions. This mixed-phonon-state
model corresponds, in essence, to an anharmonic-
oscillator model, and the problem of the anharmon-
icity has been studied from different points of view
based on a microscopic description of the problem.
BOs, Dussel, and Gratton' have treated some of
the important particle degrees of freedom, and
Sorensen' has taken into account that the quasi-
bosons formed by the combination of fermion op-
erators do not possess the properties of ideal bo-
sons. Higher random-phase-approximation calcu-
lations using the pairing-plus-quadrupole model of
the residual interactions have been performed by
Tamura and Udagawa' and by Sorensen. ' However,
the computed quadrupole moments of the first ex-
cited 2' states are too small (Q- -0.08b).

It seems that the vibrational aspects play a ma-

jorr

role in the description of the gross structure
of these nuclei, at least for the first few excited
states, but that an understanding of the higher ex-
cited states and the quantitative aspects of the
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structure of the lower excited states requires a
more detailed microscopic description. In any
case, the causes of the anharmonicity in the "vi-
brational" description are not clear. ' The inter-
play between the vibrational modes and the two
quasiparticle states is probably of major impor-
tance.

Korolev' considered the M1 and E2 transition
probabilities in "vibrational" nuclei on the basis
of a simple extra-pair model in which the nucleus
is treated as a magic core plus one or more zero-
spin nucleon pairs, which interact with the core
and excite collective degrees of freedom. The nu-
clear excitations are treated as excitations of a
pair in a potential w'ell plus phonon excitations of
the core.

The most successful approach to a better under-
standing of the structure of the "vibrational" nu-
clei has been made by Kumar and Baranger. "
They explore in detail the potential energy sur-
faces and mass parameters of the quadrupole mo-
tion on the basis of the pairing-plus-quadrupole
force, and then solve the Bohr Hamiltonian. The
success of these calculations, which have been
performed for the mass region 182 &A & 196, is re-
markable. The predicted quadrupole deformations,
as well as the g factors and the E2/Ml multipole
mixing ratios, agree surprisingly well with the
available experimental data. " Unfortunately, no
extensive calculations of the Kumar-Baranger type
have been made as yet for the mass region 100
&A &140.

The present investigation of the relative ampli-
tude of the M1 transitions in a typical "vibrational"
nucleus, i.e., Cd'" was undertaken in order to
have available accurate experimental data for com-
parison with future calculations of the Kumar-
Baranger type.

The E2/Ml multipole mixing ratios of the Cd"'
y transitions were determined on the basis of y-y
directional correlation measurements performed
with high-resolution Ge(Li) detectors. The multi-
pole character of all y rays in Cd"' that follow the
P decay of Ag'" has been determined, and the re-
sults are presented in terms of ratios of explicitly
defined reduced matrix elements.
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tensities of the Cd'" y transitions, "and attempts
have been made to study quadrupole, octupole,
and hexadecapole vibrational states by inelastic
proton scattering. ~'

The first two excited states of Cd'" (Fig. 1) show

qualitatively some of the characteristic features
of a "vibrational" nucleus. The ratio E,(2')/E,
=2.25 is close to the predicted value of 2. The
ratio B(E2, 2'- 2)/B(E2, 2-0) = 1.08 +0.29 as mea-
sured by Milner, McGowan, and Stelson" is con-
siderably smaller than the value of 2.0 as predict-
ed by the vibrational model, but it is in good agree-
ment with the calculations of Korolev' B(E2, 2'-2)/
B(E2, 2-0) =1.022. The experimental ratio
B(E2, 2'-0)/B(E2, 2-0) =0.045+0.014 also agrees
well with 0.0355, the prediction of the Korolev
model. ' The vibrational model gives B(E2, 2'-0)
=0. The branching ratio'o'" of the crossover/
cascade transitions for the decay of the two-phon-
on state 2' is T(2'-0)/T(2'-2) =0.55+0.04, in
clear disagreement with the vibrational model
which forbids a crossover transition.

Recently a y radiation of 815.6 keV that is emit-
ted following the P decay of Ag"', and which is
in coincidence with the 658-keV ground-state trans-
ition, has been interpreted as originating from a
0+ excj.ted state j.n Cd of 1473-keV excj.tation en-
ergy. '4 This interpretation would complete the two-
phonon triplet in Cd'".

II. LEVEL STRUCTURE OF Cd"

The decay of Ag"0 to Cd"" has been studied by
a number of investigators. "" Early studies of
the decay scheme by directional correlation tech-
niques' ""and extensive studies of P rays and
internal-conversion electrons' ' '~ have resulted
in a well-established level scheme of Cd'". The
use of solid-state Ge(Li) detectors has permitted
an accurate determination of the energies and in-
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FIG. 1. Excited states of Cd
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The g factor of the one-phonon 2' state is g
=0.30+0.12, in fair agreement with the predicted
value of the vibrational model, g„=Z/A =0.44.

The quadrupole moment of the 2' state has not
been measured yet. It i.s very well possible that
this quadrupole moment is small, since Cd"' could
be in a transition region from positive to negative
quadrupole moments. ~' The 2' states of the neigh-
boring nuclei Pd"' and Cd'" have quadrupole mo-
ments of Q(Pd"') =-0.45+0.15a7 and Q(Cd'")
=+0.12+0.35." Little is known about the struc-
ture of the higher excited states of Cd" .

The increased resolution of Ge(Li) detectors
over NaI scintillators has prompted a remeasure-
ment of the directional correlations of the y rays
emitted from the excited states of Cd"' following
the decay pf Ag" . Internal-conversion studies '
indicate that, of the 15 y rays emitted, 8 are ex-
pected to show mixed dipole-quadrupole multipolar-
ity. Previously it had been possible to determine
the multipole mixing ratio of only two of these
transitions"; however, the use of Ge(Li) detectors
permits an investigation of the multipole charac-
ter of all y rays emitted.

III. DIRECTIONAL CORRELATIONS INVOLVING
MIXED MULTIPOLE RADIATIONS

Since the interest in this work is concentrated
on the precise determination of the multipole mix-
ing ratios of the y transitions in Cd'", it is imper-
ative that the analysis of the experimental data is
made on the basis of well-defined expressions for
the amplitude ratios of the various multipole com-
ponents. In the past a comparison of the experi-
mentally determined mixing ratios with results of
nuclear model calculations was difficult, since
few experimentalists took the pains to express
their measured results in terms of explicitly de-
fined mixing ratios. In particular, the signs of
the amplitude ratios of the multipole components
of the emitted radiation have been rarely defined.
Furthermore, in many theoretical papers on angu-
lar distributions and correlations of y radiations,
the y-transition operators, and hence the transi-
tion matrix elements that are used in the expres-
sions for the angular distributions, are not ex-
plicitly given. A notable exception is the review
paper by Rose and Brink, who, however, use a
somewhat unusual notation for their matrix ele-
ments.

In the following we present a detailed and con-
sistent definition of the reduced matrix elements
that are used in our analysis of the data, and give
a comparison with the reduced multipole matrix
elements of Rose and Brink ' and the widely used
multipole moments of Bohr and Mottelson. ""

The transition matrix element for the emission
of an electromagnetic multipole radiation nL

(w =E or w =M for electric or magnetic multipole
radiation, respectively) from an initial nuclear
state I m, ) to a final nuclear state ~I&m&) is
(Izmz j„A~~ II, m, ), where j„is the nuclear cur-
rent operator and AL"„arethe multipole fields in
the form: (in units k =m =c= 1)

A~~~~ (k, r)=i
~ ( )~», j~ (kr) F~„(r), (la, )

A~~„'(k,r)=—
~ ( )~», j~ (kr) Y~~(r). (lb)

The j~ (kr) are spherical Bessel functions, and k

is the transition energy (in units mc'). The vector
fields (1) satisfy the equation:

A&'~ = (-1)~-"+'At'~
LM L-M'

Hence the interaction operator j~AL'M is related
to its Hermitian adjoint by (j„A~~~')t= (—1)
x(j„A~~). For local nuclear forces the nuclear
current operator j~ is proportional to the nuclear
momentum and spin operators p and 0, respective-
ly, which transform under the time-reversal op-
eration T as TpT =-p and T&T '=-o. Hence the
interaction operators j~ AL"„' transform under
time reversal according to T(j„A+~'„')T'
=(-1) "(j„A~'„).If the nuclear eigenstates IIm)
are chosen with their phases such that Tl Im)
= (-1)™lI-m), which is always possible, the
matrix elements ( I~ mz I j„A~~'„~I I,. m, ) are real.

The reduced y- emission matrix elements
(I&II j„A~&'~llI; ) are defined by the Wigner-Eckart
theorem:

(Iqm~l j~A~~ II; m;)

=(-1)~ ~"
&I, m~l j„A,'&~I I,. m,. )

J—
( 1)L-M 1( 1+)Iy - my f i

-mf -M m;

where

is the signer 3-j symbol. Note that the initial
states of a transition are always written on the
right side in the matrix elements. Equation (3)
refers to the emission of electromagnetic radia-
tion, i.e. , E,. &Ef.
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The (real) reduced matrix elements defined in

Eq. (3) are related to the reduced matrix elements
of Bohr and Mottelson" and of Alder et al."by

uL L+S "'
&I,fli~&,'"III;&= (2L, 1) „

x&I II I 3)I(EL)III,.&, (4a)

(„) kL L+ 1 u2
fll jN I II $ (2L+I)((

&~,Ii).A,' III, &=(-1)" ""(2~(2L+») '"
x(2I, + I)'"&I;IIT',"'ll &~ &,2.

Note that in Rose and Brink's paper' the initial
state for emission processes is always written on

the left side of the interaction operator (E, &Ez.).
The directional correlation of two mixed multi-

pole y radiations, emitted according to the scheme
= I &' = I is given by

x(s, fff' '3)I(ML)III,. &2 .

(4b)

II'(6) =ZBA (y, ) ~ I (y, ) I'A (coso),
A

(6)

The reduced matrix elements (I&II j„A~~"~ll I,)are.
related to those of Rose and Brink" by:

where the normalized orientation coefficient Bz(y)
is given by:

F,(L,L,'I, I ) (-I)'~ "&I2lljgA,'", 'III &&I.Ii ),A",,' III, &

1 1 1

p &I.flj, A~I"'III, &'
L1ml

and the directional distribution coefficient A ~(y2) is given by

F, (L,L,'I, I, ) &I, ll j,A,'"'
ll I.) &I, II j At,'" ll I.)

( )
~2+2~2 22

(I, ll g„A~~"III, &'
L27l 2

(8)

(I„„ff j„A,'"&
ll I„&

~3 &I„„fla(E2) III„&
"1O (I„„ff3g(MI)ffI„)' (9)

where the initial state of the transition is written
on the right side in the reduced matrix elements
(E„&E„„).The matrix elements and k„in Eq.
(9) are expressed in units 5 =m =c =1.

The F coefficients F~(LL'I'I) are defined and tab-
ulated in the work of Frauenfelder and Steffen. "
It is useful to distinguish between the orientation
coefficients B,, (y,), which are characteristic of the
(axially symmetric) orientation of the intermediate
state I„andthe directional distribution coeffici-
ents AA(y2), which characterize the directional dis-
tribution of the y radiation y, with respect to the
orientation axis z of the state I, (z =propagation
direction of y,).

Most mixed multipole transitions are of the type
E2+M1. It is then convenient to introduce the
"mixing ratio"

The orientation parameter is then simply

BA(y, ) =[1+6 (y, )] [Fz(11 I, I2)

-26(y, )F2(12 I, 12)+ 5 (y~)F (A22I, I)]

and the directional distribution coefficient is

&g(y, ) =[1+6'(y2)) '[F2(II I, I,)

+ 25(y2)F &(12 I2 I2) + 52(y2)F&(22 I2 I 2)].

(11)

The mixing ratios defined in Eq. (9) are related to
those of Biedenharn and Rose (BR)"by

6(y ) =-62R,

6(y.) =6,R.

(12a)

(12b)

The directional correlation of y, with a y radiation
y„,that follows some unobserved radiations y„
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y3 ~ ~ yp' 1 which are emitted in cascade from
the oriented state I, is given by

W(8) = Z & (r,) UA(r. ) UA(r, ) . .

x U (y„,) A A(y„)P~(cos8),

where the reorientation parameters UA(y„) for the

nth transition depend on I„,I„„andon the multi-

pole intensities I.„(butnot the interference terms)
of the unobserved radiation:

U„(y„)=
Z (-1)'"
J ITn

(-] )Ln

ll&, A& "&llf &'

In+1 I„+1

n n I ) A(&)

In+1 n+1 ~n

(14)

or for an unobserved E2+M1 transition: I„ I„A In I„ A

U„(y„)=(-I)~ "~»+&[(2I„+1)(2I„„+I)j"' (1+5(r„)'}'
n+1 n +1 n+1 n+1

(15)

The reorientation coefficients of Eqs. (14) and (15)
are normalized to unity, i.e., Uo(y„)=1. In the
present investigation only dipole and quadrupole
radiations are involved, Hence the directional cor-
relations are of the form

W(8) =1+A»P, (cos8}+A«P, (cos8),

where the directional correlation coefficients AA~
are given by

Ah A =&~ (r, ) UA (r,)" UA (r, -,)AA (rs) . (17)

Due to the finite size of source and detectors,
the experimentally observed directional correla-
tion function is given by

W(8) '=A,', +A,', P, (cos8)+A'«P, (cos8)

from which the theoretical correlation coefficients
A~ & can be extracted on the basis of

QA(ri)Q~(r2)
' (19)

where Qq(y, ) =QA(y, )/Q, (y,. ) are the normalized
geometrical correction coefficients for the detec-
tor that observes y,

IV. EXPERIMENTAL PROCEDURE

For the y-y coincidence measurements, two co-
axial Ge(Li) detectors (OIITEC, 30 cc) having a res-
olution of 3 keV for Ni' y rays were employed.
A block diagram of the coincidence electronics

used for the direct y-y measurements' is shown
in Fig. 2. Four single-channel analyzers were
used to perform the energy selection for each de-
tector; two single-channel analyzers were set on

the output of the time-to-amplitude converter. In
this way both true and accidental coincidences
could be simultaneously measured for up to four
coincidence configurations. The effective resolv-
ing time of the coincidence circuit was approxi-
mately 50 nsec.

For the measurement of coincidence sPectra (in-
direct y-r measurement), the entire y spectrum
was accepted by one of the single-channel analyz-
ers; the output of the appropriate coincidence mod-
ule was used to gate the multichannel analyzer.
This left three coincidence modules available for
direct y-y measurements.

In the direct y-y measurement, singles and co-
incidence data were accumulated for fixed time
intervals in an automatic angular correlation ap-
paratus. After normalization for variations in the
singles counting rates and for source decay, the
data were fitted to Eq. (18) by the method of least
squares. The results were then corrected for fi-
nite detector angular resolution and finite source
dimension according to Eq. (19), using correction
factors which were calculated as described below.

The geometrical correction factors QA(y, ) con-
stitute a significant part of the analysis of direc-
tional correlation results. For coaxial Ge(Li) de-
tectors and source distaiices of a few centimeters,
the product Q~(r, ) QA(y„) may give rise to a 10%%uo

correction for A =2 and a 25% correction for A =4.
Thus a careful determination of the appropiate
QA(y& ) is called for In the pr.esent case, these
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FIG. 2. Block diagram of plural channel coincidence electronics.

factors were measured using positron annihilation
radiation. " The resulting factors were checked
with the 4'-2'-0' directional correlation in ¹i'
and the 0 -2'-0' directional correlation in Pd'".
In addition, calculations of the Q'(y, ) have been
made using the Nal(TI) method of Rose" adapted
to coaxial Ge(Li) detectors, "and also using the
Monte Carlo method. " The results of these calcu-
lations are in excellent agreement with the mea-
sured values, and in addition demonstrate that the
dependence of the Q~(y,. ) on the y-ray energy can
be neglected within the range of y energies encount-
ered in our measurements. Because of the short
lifetimes of the excited states involved, no correc-
tions for external perturbations mere expected;
none was observed to be necessary.

In the case of the coincidence spectra measure-
ments, the data were summed over all channels
comprising the peak in the multichannel-analyzer
spectrum. A reasonable estimate was made for
the background under the peak, which was assumed
to be linear; this was then subtracted from the
data. This method was judged superior to fitting
the peaks to a Gaussian shape function; the Gaus-
sian method yielded the same results for the lines

of high intensity as the summing method, but was
not as good for fitting the weaker lines. The meth-
od of integr'ating the intensity of each line proved
more successful than fitting the data channel by
channel, since it minimized effects due to elec-
tronic instability of the linear-analysis circuitry.
A separately measured chance-coincidence spec-
trum was used to correct for chance-coincidence
effects. The integrated peak intensities at the var-
ious angles were fitted to Eq. (18) by the method
of least squares, with the appropriate normaliza-
tion and geometrical correction factors applied as
described above.

A liquid source consisting of AgNO, in dilute
HNO, was used for the directional correlation mea-
surements of the Cd" yrays. The source, of rough-
ly15-p. Ci activity, was placed in a thin-walled glass
ampule of approximately 2-mm diam and 8-mm
length. Because of the long half-life of the source
(253 days), it was not necessary to accumulate peak
and background spectra simultaneously; hence the
full range of the multichannel analyzer could be
used for each measurement, and optimum resolu-
tion conditions could be obtained. The singles y
spectrum of the Cd'"y rays is shown in Fig. 3.
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Spectra were accumulated in coincidence with
each of the four most intense transitions observed
in the Ag" ~ decay-(658, 764, 885, 937 keV).
All except the 885-keV line were measured at
three angles (90, 135, 180'); the 885-keV line wa, s
used as a calibration measurement and was mea-
sured at only two angles (90, 180'). Hence only
the correlation anisotropy may be extracted from
measurements gated on the 885-keV line.

In most direct y-y angular correlation measure-
ments, the energy region accepted for each y ray
also includes a background due to Compton-scat-
tered photons from higher-energy y rays. These
photons give rise to spurious coincidences having
in general different angular distributions than the
cascade under investigation. Such coincidences re-
sult in two first-order effects on the measured cor-
relation, caused by coincidences between one y
ray and the background under the other. There is
also a second-order effect caused by coincidences
between the two Compton backgrounds, which can
in most cases be neglected; however, for weak y
rays, the second-order effect can be larger than
the first order.

In general, then, at least three measurements
are required for an unambiguous analysis of a y-y
directional correlation. One must measure coin-
cidences between the two y rays, including their.
respective Compton backgrounds, and also between
each y ray and the Compton background under the
other. This requires that each y ray have a flat
background, and that it be isolated enough from
other y rays to make that background accessible,
such that the background lying under a y peak may
be represented by the background in an energy
region above or below that peak. These conditions
are seldom met in practice.

These difficulties can in part. be overcome by the
indirect y-y correlation method. One y ray is mea-

sured in coincidence with an entire y spectrum;
the results of measurements at several angles are
stored in a multichannel analyzer. The resulting
coincidence spectra are examined to determine the
intensities of the peaks above the background. This
not only allows one to separate a peak from the
background under it, but also to examine simul-
taneously several different peaks. By making mea-
surements gating first on a y peak and then on the

background represented in an energy region slight-

ly above or below that peak, the correlation data,
free of any interfering Compton background effects,
can be measured. This requires that only one line
have a flat and accessible Compton background,
and thus allows a wider range of measurements to
be made.

An example of the necessity of measuring such
corrections is given by the measurements of the
937-keV-885-keV cascade in Cd"'. Both lines are
of high intensity, and one would expect that the in-
terfering effects of the Compton background would

be small. However, a direct y-y correlation mea-
surement yielded the result

A = 0.055 + 0.010.
This is not in agreement with the expected result
for the 6'-4'-2' spin sequence (A» =0.102). In
order to explain the low measured value, it is nec-
essary to consider only an admixture of 10% of
the 1384-keV-885-keV correlation (A» =-0.284),
with the energy region accepted for the 937-keV-
line including Compton events due to the 1384-
keV transition. The result of the indirect coinci-
dence spectrum measurement, after making cor-
rections for background effects, was

= 0.098+0.010,

in good agreement with the expected value, A»
= 0.102.
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V. RESULTS
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FIG. 4. Spectrum of the Cd ~ y rays in coincidence
with the 658-keV transition. (a) Coincidence spectrum
observed with the gate-window on the 658-keV peak, (b)
coincidence spectrum observed with the gate-window be-
low the 658-keVpeak, and (c) coincidence spectrum cor-
rected for the Compton background under the 658-keV
peak.

A dramatic illustration of the effects of back-
ground corrections on coincidence spectra is pro-
vided by the spectra shown in Fig. 4. Part (a)
shows a spectrum taken in coincidence with the
658-keV (2'- 0') transition. Note the strong pres-
ence of the 658-keV line in the spectrum, due to
the presence in the gating energy region of back-
ground events of transitions which are in coinci-
dence with the 658-keV line. Part (b) shows the ef-
fect of these background events only; the spectrum
is obtained by gating on an energy region slightly
lower than the 658-keV line. Here we see the
strong presence of the 658-keV line. Part (c)
shows the difference between (a) and (b). Now the
658-keV line has almost disappeared, demonstrat-
ing the extreme care that must be taken in analyz-

The results for the directional correl. ation coef-
ficients A» and A«extracted from the indirect
angular correlation measurements are given in
Table I. The quoted errors are mainly caused by
the uncertainties associated with the Compton
background subtraction (about 5%%uo).

The directional correlation coefficients A» and
A,4 obtained from direct angular correlation mea-
surements are given in Table II. The first three
entries are for cascades in which the contributions
due to the Compton background are expected to be
small; the last entry was derived by measuring
the directional correlation of the Compton back-
ground both above and below the 818-keV line and
by applying these results to the analysis of the
directly measured 818-keV-658-keV directional
correlation.

The results given in Tables I and II show a high
degree of internal consistency, with overlap well
within the expected error limits. Indirect direc-
tional correlation measurements involving any two
members of the y»-y»-y, cascade (6'-4'-2'-0')
yield the expected coefficient A» =0.102. In addi-
tion, all three of these transitions are in coinci-
dence with y„the three results for measurements
involving y, agree quite well. In general, good
agreement is obtained between the results of the
direct and indirect methods.

The E2/M1 mixing ratios 6(y„)were obtained
from either Eq. (10) or Eq. (11) depending on
whether the y transition y„was the first or sec-
ond radiation emitted in the y-y cascade under con-
sideration.

The observed coefficients Az z for 1-3 and 1-4
directional correlations must be analyzed in terms
of several factors as given in Eq. (17). In most
cases there are unknown mixing parameters invol-
ved in the Uz(y„)as well as in the B~(y, ) or the
Az(y„). Thus an unambiguous analysis to deter-
mine all unknown values of the mixing parameter
5 (y„)is impossible. However, the indirect direc-
tional correlation method resolves the difficulty at
once. If a given measurement includes the cas-
cade y, -y, -y, taken in coincidence with the pure
y„then the y, -y, analysis will yield the correct
value for 5 (y,), which leads to the value of U„(y,)
that is required to analyze the y, -y3 correlation
and to extract 5 (y, ). If y, is a pure multipole transi-
tion this method provides two independent deter-
minations of 5 (y, ). Many of the Cd"o y transitions
were involved in several of the y-y directional
correlation measurements either as a first, sec-
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TABLE I. Results for the directional correlation coefficients extracted from the indirect correlation
measurements on the Cd ' y transitions.

y-r-ay
energy
(ke V) q, (658 keV)

Gating transition
q, (764 keV) y&0 (885 keV) y(, (937 keV)

y& 447

y2 620

y3 658

y4 678

y5 687

y6 707

y8 764

yg 818

ygo 885

y)2 1384

y&3 1476

yg 1505

y)5 1562

Ap) = 0.23 +0.20

A44 = -0.01 + 0.29

A22 = 0.42 +0.40

A44 = -0.18 +0.59

A.22
= 0.250+0. 091

A44 = -0.066 +0.120

A2) = -0.06 +0.26
A44= 0.03+0.34

A2) = -0.283 +0.080

A44 = -0.076 +0.133

A» ——0.10 + 0.40
A44= -0.07+0.54

A22 = 0.064 +0.040

A44 = -0.027 + 0.043

A)2 = 0.481 + 0.082

A44 = 0.155 +0.112

A22=0. 098 +0.013
A44 = 0,016 +0,016

A22 = 0.102 +0.018
A44 = 0.015 +0.025

A22 = -0.308 +0.020

A44 = -0.018 +0.026

Ag2 = -0.471 +0.010
A44 = —0.040 + 0.020

A22 = 0.120 + 0.050
A44 = 0.040 + 0.060

A22 = 0.040 +0.105
A.44

= -0.050 + 0.103

A22 = 0.050 +0.028

A44 = 0.001 + 0.035

A~) = -0.233 + 0,050
A44 = -0.094 +0.065

A~2= 0,032 +0.050
A44 = 0.018 + 0.056

A22= 0.201 +0,100
A44 = 0.018 + 0.130

A22= 0.017 +0.060
A44= 0.095 +0.078

A22 = -0.178 + 0.026

A44 = -0.047 + 0.033

A22 = 0.21 ~ 0.22

A„=0.40+ 0.15

A22 = 0.102 + 0.011

A2p = 0.241 +0.046

A22 = -0.339 + 0.050

A2~ —-0.073 + 0.102

Ago = 0.098 + 0,010

A„=-0,292 *0.012

A22= 0.20 +0.15
A44= 0.02+0.18

A22 = 0.097 + 0.025

A44 = 0.025 +0.035

A22 = 0.102 + 0,016
A44 = 0.028 +0.020

(I„„~3R(M1) [[ I„) (20)

where the multipole moments are expressed in

ond, or intermediate (unobserved) transition.
Hence, in many cases the mixing ratio of a partic-
ular transition could be extracted from several
independent measurements, and the results could
be checked for internal consistencies.

The values of the E2/MI mixing ratios b (y„)
are tabulated in Table III. The 5(y„)are defined
in Eq. (9). The mixing amplitude ratios 4(y„)in
terms of the Bohr-Mottelson reduced matrix ele-
ments

natural units [k =m (electron mass) = c = 1)] are
given in column four of Table III.

Frequently, the E2 multipole moments are given

in units of (eb)(b =10 ' cm ) and the Ml multipole
moments are expressed in terms of the nuclear
magneton p„=eh/2Mc. The ratios d(y„)in units

of (eb)/p„are listed in column five of Table III.
All mixing ratios have been extracted from at
least three independent measurements. The analy-
sis of the numerous A» and A«data in terms of
the mixing ratios 6 resulted in a completely con-
sistent set of 6 data.

As a by-product of the analysis of the direction-
al correlation data, all previously assumed spin
assignments ~ ~ for the excited states of Cd

have been verified, and a definite spin-parity as-
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7 7
cascade A44

1505-658
764-1505

1384-885
818-658

-0.403 +0.014
-0.184+0.024
-0.281 + 0.013

0.375 +0.050

-0.027 + 0.020
-0.031+0.037
-0.010 + 0.019

0.180 + 0.050

TABLE II. Results for the directional correlation coef-
ficients extracted from the direct correlation measure-
ments on the Cd' y transitions.

I I om

6 Aq

68 /o

31 /o

0.2'/0

2'
(0')

43 (88) 706.7(50) 446.8(83)
I

763.9

E(keV)

2926.6

2479.9

2219.9

884.7
818.0 (41)

1475.7
li

1562.2

657.7 4.6psec

2162.2

4 1505.0(77)
620.2 (61)

686.8( 5)7442 6776(94)
1542.4
1475.7
1473,2

signment of 4' could be made to the 2219.9-keV
state.

Figure 5 shows the excited states and the y transi-
tions of Cd" . The relative intensity of the M1
components in the mixed E2 —M1 transitions are
indicated in brackets (in%%uo of the total E2+ M1 in-
tensity).

VI. DISCUSSION

The mixing ratios of the 1384- and the 1505-keV
y transition have been measured before with
NaI(T1) scintillation detectors. "' '' Our results
are in good agreement with the most recent of
these measurements" (taking into account the
different definitions of 5). The mixing ratio of
the 818-keV y transition has been measured by
Milner, McGowan, and Stelson" in Coulomb ex-
citation experiments. Their result 5 = -1.5 is in
fair qualitative agreement with our result 5
= -1.20+ 0.15.

The mixing ratios extracted from the y-y direc-
tional correlation measurements are consistent

657.7

II
( dido

FIG. 5. Decay scheme of Ag -Cd including the M].
admixture (in Vo of the total Ml+E2 intensity) to the vari-
ous mixed multipole transitions.

with the K-conversion coefficients which were ob-
tained by Moragues, Reyes-Suter, and Suter. " Un-
fortunately, the K conversion coefficients are not
strongly dependent on the relative amount of the
M1 and E2 intensities for Z =48 and for k =0.7
(=360 keV). Hence the K-conversion data are not

very useful for an independent determination of the
E2/Ml mixing ratio.

It is interesting to note that all y transitions in
Cd"' for which the angular momentum selection
rules allow the emission of Ml radiation (AI=O,
+I) contain a sizeab1e amount of the Ml component.
It is also noteworthy that the relative phases of the
E2 and M1 reduced matrix elements in all mixed
transitions of Cd" are the same. There is no pro-
nounced systematic trend in the amount of M1 ad-
mixture as one goes to higher excited states. One

TABLE III. The E2/M1 mixing ratios of the Cd" p transitions.

transition
(keV)

446.7
620.2
657.7
677.5
686.6
706.7
744.2
763.9
818.0
884.7
937.5

1384.2
1475.7
1504.9
1562.2

M=I; -If
~]
-1
+2

0
+1
+1
+2
+2

0
+2
+2
+1
+2
+1
+2

&I.,ill jg Q@ll fg

&f.„II)~A/'ll f.&

-0.45 + 0.20
-0.80 +0.50

-0.25+ 0.20
1o1 p 4

+p.8

-1.0 +0.3

-1.20 + 0.15

-0.37 + 0.03

—0.55 + 0.10

&

&I„„II3IIN2)llf„&

&l„„ll3II (Mu II I.&

(in natural units)

-3.0+1.3
-3.8 + 2.4

-1.09 +0.88
4 7+3o4

fov
-4.2 + 1.3

-4.3 +0.5

-0.79 + 0.06

—1.08 +0.20

&I~+all 3)I N2) II I„&(in eh)&b'„)=
&f„„ll3II(MI) llf„&&tn p„)

-1.2 +0.5
-1.55 +0.95

-0.44 + 0.36
-1.9 p'. 7

+1.4

-1.7 + 0.5

-1.75 +0.22

-0.32 + 0.03

-0.44 +0.08
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might expect a larger M1 admixture in the trans-
itions between higher excited states, which are ex-
pected to conform less to the vibrational picture.
In fact, the smallest M1 admixture is found in the
818-keV y transition from the "two-phonon" 2"

state to the one-phonon 2' state. However, the in-
tensity of the Ml component (41%) is still large
and in clear disagreement with the predictions of
the simple vibrational model.
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